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INTRODUCTION
Distributional patterns of animals generally reflect
how individuals meet their energetic requirements for
survival (Horne & Schneider 1994). Animals likely
assess many criteria on multiple temporal and spatial
scales in order to distribute themselves appropriately
among available habitats (Fretwell & Lucas 1970).
Depending on current metabolic demands, prey condi-
tions could be the most important determinant of ani-
mal distribution patterns. Prey conditions include prey
availability, density, and behaviour (e.g. persistence of
an aggregation in space and time), composition of prey
types, and the rate of change of prey availability and
abundance (Harper 1982, Croy & Hughes 1991). Distri-
butional patterns of predators relative to their prey, or
the scale at which predator and prey aggregations
overlap (tracking scale), also reflect how animals meet
their energetic requirements (Horne & Schneider
1994). Tracking scales of mobile predators to prey are
highly variable, and characteristic scales of association
are rarely identified (e.g. Schneider & Piatt 1986).
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ABSTRACT: We examined distributional patterns of a pursuit-diving seabird, the common murre Uria
aalge, and its fish prey, capelin Mallotus villosus, within the avian foraging range of the largest murre
colony in eastern North America: Funk Island, Newfoundland. During chick-rearing, the foraging
habitat was previously partitioned into: (1) a high-quality area, 45 km from the colony where energy-
rich capelin schools were found, which were spatially and temporally persistent and (2) a low-quality
area, 60 km from the colony where schools were composed of lower-energy capelin that were
ephemeral. At the scale of the foraging range (meso-scale: 1 to 100 km), murres were highly clustered
into 25% of the surveyed area, with fewer murres in the low-quality relative to the high-quality area.
There were tighter associations among murre and capelin aggregations in the low-quality (1.2 ±
0.2 km) relative to the high-quality area (2.6 ± 0.4 km). This likely resulted from the divergent capelin
behaviour and, thus, different foraging strategies used by murres to search for (e.g. memory vs local
enhancement) and capture prey. At fine spatial scales (250 m2) within foraging areas, murres were
found at lower densities (mode: 2 murres), revealing that interference competition among individuals
may be important during prey capture. Modeling revealed that at >50 murres per 250 m2 in the high-
quality area, a murre would have a >90% chance of increasing its foraging efficiency by switching to
forage in the low-quality area. Overall, this scale-dependent aggregative behaviour of murres sug-
gests that cooperative foraging among conspecifics may be important in locating prey at the scale of a
foraging range, or murres may simply aggregate in areas of high prey abundance, but competitive
interactions among conspecifics become important at the scale of prey capture.
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Studying tracking scales under periods of different
prey conditions or energetic demands, however, allows
the elucidation of individual-level foraging behaviour
and population-level habitat selection (e.g. Davoren
et al. 2002).
Many theoretical frameworks assess the mecha-
nisms underlying distributional patterns of mobile
predators. For colonial animals that must return to a
breeding site to deliver food to offspring (i.e. central-
place foragers), provisioning rates are limited by the
time spent during a round trip from the breeding site.
The central-place foraging model (Orians & Pearson
1979) predicts that colonial animals minimize the dura-
tion of round trips by foraging close to the colony,
resulting in conspecifics becoming concentrated within
a restricted foraging range (Cairns & Schneider 1990,
Mehlum et al. 1996, Maniscalco et al. 1998). Therefore,
habitat selection by a colonial animal likely depends
on the choices of conspecifics as well as prey condi-
tions within foraging ranges (Hunt et al. 1986, Birt et
al. 1987, Miliniski & Parker 1991, Grunbaum & Veit in
press). Conspecifics can increase encounter rates with
prey by cueing to the foraging activities of other ani-
mals (local enhancement; Wittenberger & Hunt 1985,
Grunbaum & Veit in press), and can increase con-
sumption rates through cooperative foraging (e.g.
herding prey; Angell & Balcomb 1982). Alternately,
conspecifics can reduce consumption rates by reduc-
ing encounter rates with prey (exploitative or scramble
competition) or by altering behaviour independent of
prey availability through aggressive interactions or
avoidance behaviour (interference or contest competi-
tion; Hunt et al. 1986, Milinski & Parker 1991, Stillman
et al. 1996, Cresswell 1997, Hughes 1997, Maniscalco
et al. 2001).
Within foraging ranges of colonies, the ideal free dis-
tribution theory (IFD; Fretwell & Lucas 1970) can be
used to link behavioural foraging theory and predator-
prey theory within a spatial context of habitat selection
over heterogeneous landscapes (Huntingford 1993,
Miliniski 1994). IFD models assume that animals have
complete knowledge of all prey patch locations and
qualities, are ‘free’ to exploit any available patch with-
out restriction, distribute themselves ‘ideally’ among
these patches to obtain the highest foraging efficiencies
(i.e. prey intake rates), and all animals are assumed
to have similar average foraging efficiencies among
patches (Fretwell & Lucas 1970, Sutherland 1983,
Parker & Sutherland 1986). The underlying premise of
IFD models is that predator populations are subject to
density-dependent control due to small-scale inter-
actions within prey patches (Fretwell & Lucas 1970,
Tregenza 1995), and although individual benefits may
increase as competitor density increases up to some
maximum, they will decrease thereafter (Allee 1931).
The common murre Uria aalge is a pursuit-diving
marine bird that dives to depths up to 200 m (Piatt &
Nettleship 1984). Murres hunt visually and forage pri-
marily during daylight (Swennen & Duiven 1991).
Their wing design compromises aerial (high surface
area) and underwater flight (low surface area; Thomp-
son et al. 1998) and results in high wing-loading (i.e.
body mass to wing area ratio: 2.06 g cm–2; Guillemette
1994). Therefore, energy expenditure is elevated dur-
ing flight compared to most other seabirds. Murres are
highly colonial and lay a single-egg clutch. The chick
is reared at the colony by both parents for 3 wk. One
parent remains at the colony with the chick while the
other is on a foraging trip. Foraging trips in eastern
Canada generally last 4 h (Davoren & Montevecchi
2003) and are <100 km (Cairns et al. 1987). After most
foraging trips, the parent delivers a single fish to its
chick. In Newfoundland, murres feed their chicks for-
age fish, primarily capelin (Mallotus villosus; Davoren
& Montevecchi 2003). As central-place foragers, the
amount of food delivered to chicks each day, and their
subsequent probability of survival, depends on the
quality of fish and the frequency of fish deliveries
(Davoren 2001).
In previous work, we described the characteristics of
the foraging environment available to common murres
around Funk Island, the largest murre colony in east-
ern North America (Table 1). We identified 2 general
areas with above-average abundances of capelin dur-
ing a vessel survey within the foraging range of chick-
rearing murres from Funk Island (Fig. 1). The closest
area to the colony, or persistent area, had a consis-
tently high abundance and persistent presence of
capelin on a temporal scale of 2 wk (Table 1). Capelin
schools in this area were near the seabed in deep
(>50 m) water, were composed of equal proportions of
maturing male and female capelin, and were located in
the same position on different days (persistent schools;
Table 1). The farther, or ephemeral, area had fluctuat-
ing abundances and inconsistent presence of capelin
(Table 1). Capelin schools in this area were situated in
the water column in shallow (<50 m) water, were pre-
dominantly composed of spent female capelin and
were always ephemeral in space on the temporal scale
of minutes (Table 1). The implication of this prey
behaviour was that murres use different search strate-
gies to locate capelin schools in the persistent area
(memory) relative to the ephemeral area (local
enhancement; Davoren et al. in press). Both areas had
similar mean abundances of capelin, although variabil-
ity in abundance was higher in the ephemeral com-
pared to the persistent area (Table 1). The abundance
of murres in the persistent area was an order of magni-
tude higher than in the ephemeral area, although
murre abundance was highly variable in both areas.
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Based on this information, we examined the distribu-
tion patterns of murres and capelin in order to explore
the underlying behavioural mechanisms contributing
to selection between the 2 foraging areas within the
murres’ foraging range from Funk Island. The first
objective was to describe broad-scale distribution pat-
terns of murres and capelin around the colony, using
nearest neighbour univariate techniques (Ripley 1981,
O’Driscoll 1998). We also used bivariate techniques to
describe the extent of spatial overlap among aggrega-
tions of murres and capelin and to explore individual-
level foraging behaviour resulting in population-level
distributional patterns. The second objective was to
explore how proximity to the colony combined with
prey and conspecific behaviour resulted in selection
between the 2 foraging areas through a sim-
ple model, which was based on IFD theory.
Linking population-level distributional pat-
terns and predator-prey spatial associations
with energetic considerations of predators
provides a useful framework with which to
examine factors that influence habitat-
selection decisions by individuals (Horne &
Schneider 1994, Wanless et al. 1997).
MATERIALS AND METHODS
Study area. A meso-scale (1 to 800 km)
vessel survey was conducted within avian
foraging ranges around the Funk Island Sea-
bird Ecological Reserve (49°45’ N, 53°11’ W)
off the east coast of Newfoundland in the
northwest Atlantic (Fig. 1). Funk Island lies
approximately 60 km from the coast and
340 000 to 400 000 pairs of common murres
breed there (Cairns et al. 1989). Funk Island is the
largest breeding colony of common murres in eastern
north America and represents ~75% of the northwest
Atlantic population (Cairns et al. 1989). A small colony
of common murres is located 150 km south of Funk
Island (Cabot Island: 2600 breeding pairs). Flight
patterns observed at sea revealed that foraging zones
or hinterlands (Cairns 1989) do not overlap (Davoren et
al. in press).
Survey design. The 5 d broad-scale survey consisted
of 9 east-west (across shelf) hydroacoustic transects at
a 5 nautical mile (9 km) north-south spacing. The sur-
vey was carried out aboard a 23 m Fisheries Canada
RV ‘Shamook’ that operated 12 h d–1. Seabirds were
counted continuously during acoustic transects. A nav-
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Characteristics Persistent area Ephemeral area
Distance from colony (km) 45 60
Distance from shore (km) 30 10
Capelin composition Maturing males and females Spent females
School type composition Persistent: 301 ± 48 fish m–2 Ephemeral: 201 ± 44 fish m–2
Persistence of capelin presence per 2.25 km 100% 25–100%
Persistence of murre presence per 2.25 km 100% 50–100%
Abundance score of capelin per 2.25 km (scale: 0–9) 1.1 ± 0.3 0.3 ± 0.2
–1.2 ± 0.20 –1.0 ± 0.90
Abundance of murres per 2.25 km 3.0 ± 2.4 0.3 ± 0.3 
–17.6 ± 13.00 –3.0 ± 2.90
No. of 2.25 km hot spots 2 11
Table 1. Uria aalge. A comparison of the habitat characteristics of the persistent and ephemeral foraging areas of common murres
around the Funk Island colony. Information from Davoren (2001) includes the persistence of capelin and murre presence per
2.25 km ‘hot spot’ (areas with above average abundance scores of capelin) and the range of mean ± SE abundance scores of
capelin and the mean ± SE abundance of murres per 2.25 km hot spot in the persistent and ephemeral foraging areas. Mean
abundance for all 2.25 km foraging areas during the broad-scale survey was 2.9 ± 0.5 murres and 0.8 ± 0.1 (acoustic abundance 
score) capelin
Fig. 1. Map of the study area, showing the 9 survey lines with identifying
numbers (dashed line), the Funk Island colony of common murres Uria
aalge (star) and trawling sites (circles) within the 2 foraging areas (persis-
tent area: 4a,b; ephemeral area: 2a,b, 3a,b), defined in Davoren (2001)
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igational software package (Bioplot 1991, BioSonics,
Version 2.0) continuously recorded the ship’s position
(cruise track) and Greenwich Mean Time (GMT) every
minute. The date and GMT were used to merge the
bird data with acoustic estimates and cruise track data
into 1 min (~250 m) bins. Following this initial survey,
the areas of high bird and prey abundance (‘hot spots’)
defined in a previous paper (Davoren et al. in press)
were revisited on 2 occasions during a 2 wk period.
Upon revisit, an acoustic survey was conducted sim-
ultaneously with bird counts along the initial survey
route.
Acoustic estimates. The distribution and relative
abundance of prey in the water column were estimated
using a Simrad EQ100 echo-sounding system that
operated through a hull-mounted single-beam trans-
ducer with a frequency of 38 kHz. This frequency is
appropriate for observations of fish targets and the
distinct shape of capelin schools allows them to be
separated from other fish species (e.g. American sand
lance Ammodytes americanus, Atlantic herring Clupea
harengus harengus) within the study area (O’Driscoll
et al. 2000). The transducer had a 10° beam angle and
the echo sounder was operated at 1 ping s–1, a range of
150 m at 1/10 power, and a bandwidth of 0.3 ms. The
transducer was at a depth of 3 m and beam pattern
would not form within a range of 5 m; therefore,
acoustic signals were not reliable until 8 m. The sam-
ple depth of the acoustic system (8 to 250 m) and boat
speed (14 to 16 km h–1) were held constant throughout
the survey. Echograms were continuously printed dur-
ing transects and GMT was marked on the echograms
every 10 min.
Following Piatt (1990), the relative abundance of fish
was quantified by estimating the percent cover of the
prey image in each 1 min (~250 m) horizontal bin by
10 m vertical bin on the echogram. An index of per-
cent cover of prey in each bin was estimated from 0
(no prey) to 9 (near-saturation). These values were
squared before analysis (0 to 81) to account for the
non-linear change in sounder intensity relative to fish
school density (Piatt 1990). This squared relative mea-
sure is hereafter referred to as the ‘acoustic abundance
score’. This technique allowed us to quantify the pres-
ence/absence of fish and relative abundance of fish
and to evaluate the shape of fish schools, because a
high-resolution echosounder with electronic data-
capture capabilities was not available during the sur-
vey. At-sea observations, species composition of trawl
sets, and shapes of acoustic schools on echograms
were combined to classify the acoustic signals repre-
senting capelin schools. The initial survey and the
revisit transects were each divided into a continuous
series of 250 × 300 m blocks, where the squared
acoustic abundance score (scale: 0 to 81) was summed
over the entire water column, from 0 to 50 m and from
51 to 250 m. The water column was divided in this way
to reflect the vertical distribution of the 2 types of
capelin schools observed: persistent (51 to 250 m) and
ephemeral (0 to 50 m; Davoren 2001).
Seabird counts. During acoustic transects, seabirds
were counted simultaneously using standard strip
transect methods (Method Ib; Tasker et al. 1984). One
observer made continuous counts of seabirds from the
bridge out to 300 m in a 90° arc from the tip of the bow
to the port side of the vessel. Counts were entered
directly into a laptop computer along with behavioural
descriptions (on the water, feeding, flying and flight
direction, flying with fish). The laptop was connected
to the navigational system of the vessel and counting
software (D. Senciall, Birds & Beasty Counter 1998,
Fisheries and Oceans Canada, Version 1.0) was used to
append a position (latitude and longitude) and GMT to
each bird entry.
Statistical analyses. The survey area was partitioned
into 2 subareas (Persistent and Ephemeral Areas;
Fig. 1). The persistent area consisted of Transects 4a
and b and the ephemeral area consisted of Transects
2a, b, 3a and b, with each 12 h day of survey (i.e. Tran-
sects 2, 3 and 4) treated separately. Transects con-
ducted upon revisit to both subareas were also treated
separately.
Univariate statistics based on the neighbour K statis-
tic (Ripley 1981) were used to assess whether the dis-
tribution of murres and acoustic prey separately along
each transect was significantly different from random
at a number of spatial scales (see O’Driscoll 1998). This
method is based on the distance between individuals
along a transect and, thus, results are not influenced by
a high proportion of zero counts (O’Driscoll 1998), as
are other traditional time-series analyses, such as spec-
tral analysis (e.g. Horne & Schneider 1997) and geosta-
tistical analyses (e.g. Begg & Reid 1997). Only murres
that were either feeding (i.e. diving) or assumed to be
feeding (i.e. sitting on the water) were used in our
analyses. For each transect, the test statistic, E[N(t)],
was determined. E[N(t)] is the average number of mur-
res or average prey abundance over all 250 m bins.
This statistic was calculated at different spatial scales
(t), following O’Driscoll (1998):
where N is the total number of individuals observed in
an area, uij is the distance from individual i to indi-
vidual j and It(uij) is an indicator function, which is
equal to 1 if uij < t but equal to 0 otherwise. The spatial
scales analyzed (t) ranged from 250 m and increased at
250 m increments up to half the length of the transect
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in each subarea—the persistent area: Transect 4a,b
(38 km); the ephemeral area: Transect 3a,b (42 km) and
Transect 2a,b (25 km). The average number of murres
and average acoustic abundance score expected from
a random distribution (E[N(t)] RAND) was calculated
using Monte Carlo procedures (O’Driscoll 1998). We
calculated the percentage of the 999 E[N(t)] that were
greater than, equal to or less than the E[N(t)] of the
observed data (E[N(t)] OBS). If E[N(t)] OBS was greater
than 95% of the 999 E[N(t)], then birds or prey were
determined to be significantly clustered. Alternately, if
E[N(t)] OBS was equal to or less than the 95% of the
999 E[N(t)], then birds or prey density were deter-
mined to be randomly or uniformly distributed, respec-
tively. This was repeated at all spatial scales (t) for each
transect.
The average E[N(t)] of the 999 randomized realiza-
tions (E[N(t)] RAND) was calculated at each spatial
scale within a transect. We subtracted E[N(t)] OBS
from E[N(t)] RAND to determine L(t), or the average
number of ‘extra’ murres or ‘extra’ prey at each spatial
scale. The scale of aggregation of murres and prey was
defined by the spatial scale at which L(t) for murres or
prey was higher than the succeeding 3 values for a
transect. This avoided identifying small jumps in val-
ues as peaks (O’Driscoll et al. 2000). A measure of the
density of murres or prey per aggregation was deter-
mined by the value of L(t) at the scale of aggregation
(‘crowding’). The distance between aggregations of
murres and aggregations of prey was defined by the
spatial scale at which L(t) reached its maximum for a
transect (O’Driscoll 1998).
Bivariate K analysis was used to determine whether
there were significantly more murres associated with
prey aggregations than would be expected if murres
were distributed randomly within a transect (O’Driscoll
1998). For each transect, the observed E[N(t)] OBS and
expected random distribution of murres E[N(t)] RAND
at each spatial scale in relation to each prey aggrega-
tion in 250 m block increments was calculated, using
999 Monte Carlo simulations as above. The average
number of ‘extra’ murres at each prey aggregation and
each spatial scale, L(t), was again calculated by sub-
tracting E[N(t)] RAND from E[N(t)] OBS. The scale of
maximum association, or ‘tracking scale’, of murres to
prey was defined by the scale at which L(t) of murres
was first higher than the succeeding 3 values. The
number of ‘extra’ murres associated with any given
prey aggregation (‘crowding’) was determined by the
value of L(t) for murres at the scale of maximum associ-
ation. Statistical significance was set at α = 0.05 and all
averages are reported as ±1 SE.
Habitat selection model. We explored habitat selec-
tion of murres flying out from Funk Island on a forag-
ing trip to the persistent and ephemeral areas, based
on the characteristics of the distribution of capelin
abundance and qualities in relation to the colony
within foraging ranges of murres from Funk Island
(summarized in Table 1). Murres revisit prey aggrega-
tions much more often (daily) than we could during the
survey (3 visits over 2 wk; Davoren 2001) and, there-
fore, we assumed that they have knowledge of these
prey-patch conditions.
As a proxy of flying effort, we calculated the ratio of
energy expended during flight (Rfly) to the ephemeral
area relative to the persistent area based on the
difference in distances to each foraging area (Rfly =
60 ÷ 45 km = 1.3; Table 1). We assumed that energy
expended per distance did not differ during flight to
either area because both areas were a similar bearing
from the colony and, thus, birds flying to either area
would be affected similarly by wind direction and
speed. As a proxy of diving effort, we calculated the
ratio of energy consumed per dive in the ephemeral
area relative to the persistent area based on the differ-
ence in energy density values between spent (3.9 kJ
g–1) and gravid capelin (4.6 kJ g–1; Montevecchi & Piatt
1984) and based on the fact that murres collect no more
than 1 fish per dive (Sanford & Harris 1967, Swennen &
Duiven 1991; Rdive = 3.9 ÷ 4.6 kJ g–1 = 0.8). Therefore,
for murres to recover the energetic costs of flying to the
ephemeral area (1.3 times higher), as well as the lower
prey quality (0.8 times lower), they would have to con-
sume more energy in the ephemeral area (Rrecover =
1.3 ÷ 0.8 = 1.6). Based on these calculations murres
should never fly past the persistent area to forage in
the ephemeral area because they would have to in-
crease foraging effort by 1.6 times to gain the same
amount of energy as in the persistent area.
We explored one underlying mechanism that might
render foraging effort equivalent in the 2 areas. Murre
abundance was highly variable in both areas, suggest-
ing that murres would not have complete knowledge of
conspecific densities within either foraging area. We
explored the importance and positive/negative (i.e. co-
operative/competitive) influence of murre density on
foraging effort of murres, by examining how frequently
birds are found at various densities (Grunbaum & Veit
in press). The spatial scale at which densities of murres
will influence foraging effort is likely around 250 m2,
because murres were observed to move horizontally at
this scale during underwater pursuit of prey and, thus,
would interact at this scale during prey capture. We de-
termined the frequency distribution of 250 m2 blocks
that contained various densities of murres throughout
both the initial and revisit surveys. We described the
slope of the line from the log density versus log fre-
quency plot to infer whether increasing murre densities
would have a positive or negative impact on foraging
effort and how this slope varied among days.
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Foraging efficiency of birds within
flocks has been expressed as a power-
law relationship:
Qn =  n–m (1)
where Qn is the foraging efficiency, or
energy intake rate, of individuals with
a flock of size n and m is the strength of
interference (positive value) or facilita-
tion (negative value) among birds
within a flock (Kacelnik et al. 1992). We
used the slope of the line from the log
density versus log frequency plot to
estimate values of m in each foraging
area. Using Eq. (1), we calculated Qn
for each foraging area based on the
estimates of m and the range of ob-
served murre densities per 250 m2.
We assumed that murres would act in
an ideal free manner (Fretwell & Lucas
1970), by sampling the persistent area
on their outbound trip to determine cur-
rent densities, at which point they
would decide to stay in the persistent
area or switch to the ephemeral area.
We also assumed that the energetic cost
of sampling the persistent area would
be negligible relative to the costs of for-
aging in the ephemeral area if condi-
tions were ideal in the persistent area
(Grunbaum & Veit in press). We calcu-
lated the ratio of foraging efficiency (Qn)
in the persistent area relative to the
ephemeral area by varying murre den-
sities in the persistent area over the
range of densities encountered, and
comparing the resulting values to those
arising from each observed density in
the ephemeral area. We defined the
‘switching density’ at each density in
the ephemeral area as the density in the
persistent area at which the ratio of for-
aging efficiency fell below 1 (e.g. it be-
came more profitable to forage in the
ephemeral area). Given the variability
in murre abundance within each forag-
ing area, however, we assumed that a
murre would not have knowledge of the
densities in the ephemeral area but
might retain knowledge of the densities
normally encountered. Each density
per 250 m2 in the ephemeral area had
an associated probability of encounter
based on the frequency distribution of
densities encountered. We plotted the
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Fig. 2. Distribution of (a) capelin Mallotus villosus and (b) common murre Uria
aalge along transects, and univariate plots of the number of ‘extra’ neighbours,
L(t), against the spatial scale of analysis for (c) murres and (d) capelin at specific
depths along with (e) the bivariate plots of the number of ‘extra’ murre neigh-
bours, L(t), to capelin schools against the spatial scale of analysis in the 2 main
foraging areas of common murres: the persistent area (July 21) and the
ephemeral area (July 20). In univariate (c,d) and bivariate (e) plots the bold line
represents the number of ‘extra’ neighbours and the thin line represents the 
upper 95% confidence limit
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cumulative probability of encountering a particular
murre density in the ephemeral area against the
switching density in the persistent area, allowing us to
describe the probability that a murre foraging at a par-
ticular density in the persistent area would increase its
foraging efficiency by switching to the ephemeral area.
RESULTS
Capelin characteristics
During the initial survey, capelin was sig-
nificantly clustered (L(t) > 0) at most small to
moderate spatial scales, but at larger spatial
scales (10 to 40 km) capelin distribution
generally became uniform (L(t) < 0; Fig. 2).
The average acoustic abundance score
(crowding) of capelin was low at small spa-
tial scales and increased up to the aggre-
gation scale, after which it declined. The
aggregation scale of capelin varied from 1.0
to 2.4 km, but was similar in both areas at
different depths (Table 2). The distance be-
tween capelin aggregations was generally
larger in the ephemeral area relative to the
persistent area but this was not statistically
significant (Table 2). The average acoustic
abundance score of capelin (crowding) at
the depth range of 51 to 250 m was signifi-
cantly higher in the persistent area com-
pared to the ephemeral area (Table 2). In
addition, crowding of capelin at the depth
range of 51 to 250 m was significantly
higher in the persistent area compared to
that at the 0 to 51 m depth range in the
ephemeral area (t5 = 11.77, p = 0.001;
Table 2). This corresponds to the higher
density of fish in deeper persistent schools
compared to ephemeral schools that were
higher in the water column (Davoren 2001).
Bird characteristics
During the initial survey, 14 652 birds
were observed in 800 km of transect, giv-
ing a sighting frequency of 17 birds km–1.
The majority of the birds sighted were
common murres (85%, n = 12387). Murres
were significantly clustered (L(t) > 0) at all
spatial scales, but tended towards a more
uniform distribution at small spatial scales
(Fig. 2). The average number of murres
(crowding) was low at small spatial scales
(at 250 m2: persistent area, 29; ephemeral
area, 3 to 6; Fig. 2), increased up to the
scale of aggregation, and then declined (Fig. 2). The
aggregation scale for murres was similar in both areas,
but the crowding of murres was significantly higher in
the persistent area compared to the ephemeral area
(Table 2). The distance between murre aggregations
was similar in both areas.
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During the initial survey, murres sitting on the water
were patchily distributed at the scale of the survey
(meso-scale; Fig. 2), with 77% of the total number of
250 m2 blocks surveyed containing no murres (Table 3).
Many of the non-zero 250 m blocks during the initial
survey contained a single sitting murre (40%, Table 3),
suggesting that murres tended to forage alone. Mixed-
species feeding assemblages, as described by Hoffman
et al. (1981), were never observed in the survey area
but rather murres tended to aggregate loosely within
foraging areas. The distribution of flock sizes, how-
ever, varied among the ephemeral and persistent
areas, with 95% of the 250 m2 blocks in the ephemeral
area having lower densities (5 to 42 per 250 m2) than in
the persistent area (19 to 107 per 250 m2; Table 3). The
mean and median densities per 250 m2 and variability
around the mean (SE) also were higher in the persis-
tent relative to the ephemeral area, but there was con-
sistently a modal density of 2 murres per 250 m2 during
all surveys in both areas (Table 3). Summary statistics
varied among visits in both areas, but reflected these
general trends.
Murre-capelin interaction
In both areas, murres were significantly clustered
with capelin at most spatial scales (Fig. 2). In the
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Summary statistics Ephemeral area Persistent area
(per 250 m2) Initial and Initial 2nd visit 3rd visit Initial and Initial 2nd visit 3rd visit
revisits revisits
Mode 2 2 2 2 2 2 2 2
Median 4 4 5 3 6 6 13 3
Mean 9.0 9.0 10.5 3.1 19.6 16.9 31.9 8.0
SE 0.7 1.0 1.6 0.3 2.7 3.1 7.1 1.8
Maximum 83 55 83 8 300 150 300 44
Slope of the log frequency 1.2 1.1 0.8 1.6 0.8 0.7 0.3 0.8
versus log density plot (m)
Total no. 250 m blocks 1519 1082 263 174 965 505 233 227
Percentages of 250 m blocks
No. murres = 0 (total) 72 75 55 77 73 73 75 71
No. murres = 1 (non-zero) 40 44 49 50 36 38 16 51
No. murres < 5 (non-zero) 80 81 70 98 64 66 38 85
No. murres > 50 (non-zero) 1 1 3 0 7 5 17 0
Table 3. Uria aalge. Summary statistics of the number of common murres per 250 m2, estimates of the interference (m) among
murres within 250 m2 blocks, the percentage of 250 m2 blocks with no murres out of the total number of 250 m2 blocks and the
percentage of 250 m2 blocks with 1, <5, and >50 murres per 250 m2 out of the total number of non-zero 250 m2 blocks within the 
persistent (July 21, 22, 23, 24) and ephemeral areas (July 19, 20, 25, 27) throughout the study period (July 18–28)
Category Persistent area Ephemeral area t p
Scale (km) Crowding Scale (km) Crowding (Scale) (Crowd) (Scale) (Crowd)
Aggregation scale
Murre 4.4 ± 0.1 479.7 ± 103.4 5.1 ± 0.3 38.3 ± 11.1 2.19 4.25 0.116 0.051
Capelin: 0–50 m 1.5 ± 0.3 2.7 ± 0.4 1.8 ± 0.3 3.7 ± 0.4 0.57 1.58 0.625 0.254
Capelin: 51–250 m 1.1 ± 0.3 15.3 ± 0.9 1.2 ± 0.5 2.7 ± 0.9 0.27 10.00 0.800 0.0002
Distance between aggregations
Murre 9.0 ± 3.3 7.6 ± 1.4 0.39 0.725
Capelin: 0–50 m 3.3 ± 0.2 9.3 ± 3.8 1.57 0.214
Capelin: 51–250 m 3.7 ± 1.7 6.9 ± 3.3 0.86 0.439
Tracking scale
Murre and Capelin 0–50 m 7.2 ± 0.9 150.1 ± 43.8 1.2 ± 0.2 34.3 ± 15.3 6.80 2.50 0.021 0.130
Murre and Capelin 51–250 m 2.6 ± 0.4 320.0 ± 108.4 35.6 ± 10.5 25.3 ± 15.0 3.14 2.69 0.052 0.115
Table 2. Mean ± SE of the spatial scale of aggregation of common murre Uria aalge and capelin Mallotus villosus, the extent of
crowding (see subsection ‘Statistical analyses’ for explanation) within these aggregations, the distances between these aggre-
gations, and the tracking scale of murres to capelin within the persistent area (July 21, 22, 23, 24) and ephemeral area (July 19, 20, 
25, 27) during the initial survey and all revisit surveys. The df for all t-tests is 5
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ephemeral area, the tracking scale of mur-
res to capelin schools was significantly
smaller for schools within 0 to 50 m com-
pared to those within 51 to 250 m (t6 = 3.27,
p = 0.047), suggesting that they preferen-
tially tracked ephemeral capelin schools
off the seabed (Table 2). In the persistent
area, the tracking scale of murres to
capelin schools was significantly smaller
for schools within 51 to 250 m (t4 = 4.92, p =
0.016), suggesting that they preferentially
tracked persistent capelin schools associ-
ated with the seabed (Table 2). Murres
preferentially tracking ephemeral capelin
schools in the ephemeral area had signifi-
cantly smaller tracking scales compared
to murres tracking persistent capelin
schools in the persistent area (t5 = 3.18, p =
0.050; Table 2). In addition, there was a
tendency for schools with low acoustic
abundance scores to be used by murres
if they were close to patches with high
scores, while isolated patches with high scores were
often not used (Fig. 2).
Murres always had higher aggregation scales than
the types of capelin schools they were tracking
(Table 2). The crowding of murres at capelin aggrega-
tions generally was higher in the persistent area com-
pared to the ephemeral area, but this was not sta-
tistically significant, owing to the large variation in
crowding values (Table 2).
Habitat selection model
Slopes of the log density versus log frequency plots
for murres during the initial survey and revisit tran-
sects were always negative, suggesting that there was
interference among murres in the study area (Fig. 3).
Generally, interference in the ephemeral area
appeared to be stronger than in the persistent area,
although there was high variability among transects
(Table 3). Through our model, we found a characteris-
tic switching density in the persistent area (foraging
efficiency ratio <1) up to a density of 40 murres per
250 m2 in the ephemeral area, above which it is always
better for a murre to stay in the persistent area (Fig. 4).
We plotted the percent chance of encountering a par-
ticular murre density in the ephemeral area against the
switching density in the persistent area to describe the
probability that murres would increase their foraging
efficiency by switching to the ephemeral area at a par-
ticular density in the persistent area (Fig. 5). Overall, at
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Fig. 3. Uria aalge. Log density of common murres per 250 m2
versus the log frequency of densities encountered during the
(a) initial survey, (b) initial and revisit surveys in the
ephemeral area and (c) initial and revisit surveys in the 
persistent area
Fig. 4. Uria aalge. Ratio of foraging efficiency (Qn) in the persistent relative to
the ephemeral area (FEP/FEE) at varying densities of common murres per 250 m2
in the persistent area (DP), while density in the ephemeral area (DE) is held
constant at 1, 5, 10, 20, 30 and 40 murres per 250 m2. Arrows indicate the
‘switching density’ (DS) at DE = 10, 20, 30. Switching density is the density of
murres per 250 m2 in the persistent area (DP) where foraging efficiency would
be increased if murres switched from the persistent area to the ephemeral area
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densities > 50 murres per 250 m2 in the persistent area,
a murre would have a >90% chance of encountering
flock sizes in the ephemeral area that would allow it to
forage more efficiently than in the persistent area.
DISCUSSION
As found in this study, seabirds at sea are generally
patchily distributed with a high proportion of birds
encountered in a few large, dense prey aggregations,
while smaller or more dispersed prey aggregations
were under used (Heinemann et al. 1989, Hunt et al.
1991, Veit et al. 1993). This suggests that at large spa-
tial scales, seabirds generally concentrate their forag-
ing efforts in areas where prey aggregations are pre-
dictable and highly abundant (‘hot spots’) and, thus,
possibly avoid energetically costly search activities
(Cairns & Schneider 1990, Hunt & Harrison 1990,
Davoren et al. in press). In support, many researchers
have found large aggregations of seabirds at tempo-
rally and spatially persistent prey aggregations and
have suggested that these predictable aggregations
might be important to increase foraging efficiency in
marine birds (Schneider et al. 1987, Coyle et al. 1992,
Decker & Hunt 1996, Davoren et al. in press), espe-
cially during breeding when metabolic demands are
highest (Drent & Daan 1980). Murres appeared to max-
imize encounter rates with their prey, thereby maxi-
mizing their net energetic benefit (Horne & Schneider
1994), as evidenced by larger murre aggregations than
those of capelin, and tracking scales of murres to
capelin that were at similar or smaller spatial scales
than the aggregation scales of capelin. Tighter associ-
ations among murre and capelin aggregations were
found in the ephemeral area (1.2 ± 0.2 km) relative to
the persistent area (2.6 ± 0.4 km). Differences in the
scale of association of murres and capelin in the 2 areas
might reflect different foraging strategies in each area
due to the persistent versus ephemeral behaviour of
capelin schools.
Distribution patterns at the scale of the foraging
range (meso-scale: 1 to 100 km) revealed that murres
were highly clustered, being found in 25% of the sur-
veyed area within 2 main foraging areas. Murres
tended to distribute themselves according to the cen-
tral-place foraging model and the ideal free distribu-
tion (IFD) at this spatial scale, with fewer murres found
in the low-quality, ephemeral area farther from the
colony relative to the high-quality, persistent area
closer to the colony. At fine spatial scales (250 m2)
within foraging areas, murres tended towards a more
uniform distribution, as has been observed in other
studies (e.g. Logerwell et al. 1998), and tended to be
found at lower densities (mode: 2 murres per 250 m2).
Interference competition rather than cooperative facil-
itation was inferred from the frequency distribution of
murre densities per 250 m2 over the study area, with
higher levels of interference occurring within the
ephemeral area relative to the persistent area. Model-
ing revealed that at densities >50 murres per 250 m2 in
the persistent area, murres would have a >90% chance
of encountering flock sizes in the ephemeral area that
would allow them to increase foraging efficiency rela-
tive to the persistent area. Distribution patterns, how-
ever, revealed that 7% of 250 m2 blocks within the per-
sistent area had >50 murres. Overall, differences in the
level of clustering of murres at coarse and fine spatial
scales suggests that cooperative foraging may be
important in locating prey on coarse-scales, or murres
may simply aggregate in areas of high prey abun-
dance, but competitive interactions may become
important on fine-scales during prey capture (Loger-
well et al. 1998).
Predator-prey interactions
Murres tracked capelin at smaller spatial scales in
the ephemeral area than in the persistent area. Murres
foraging on the ephemeral capelin schools up in the
water column presumably need to maintain close con-
tact with schools between bouts of foraging during a
foraging trip to avoid expending energy searching for
prey if schools disperse between bouts. The smaller
tracking scales of murres to capelin in the ephemeral
area also may reflect an urgency to exploit ephemeral
schools quickly before they escape predators between
dives in a foraging bout (Ydenberg & Forbes 1988).
The presumably shorter dive durations due to the
closer proximity of capelin to the ocean’s surface would
allow shorter recovery periods at the surface between
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Fig. 5. Uria aalge. Percent chance of a common murre in-
creasing its foraging efficiency (Qn) by switching from the
persistent area to the ephemeral area at a particular density 
of murres per 250 m2 in the persistent area (DP)
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dives (Ydenberg & Clark 1989), resulting in murres
maintaining close contact with schools of capelin
among dives.
If murres forage on the basis of past experience and
do not regularly sample their foraging environment,
they would likely have knowledge of the locations of
persistent schools of capelin in the persistent area but
not of other capelin schools moving through the area.
Therefore, tight associations with capelin would be
expected only with persistent schools but not necessar-
ily all schools in the area, resulting in perceptual con-
straints and, ultimately, into our measurement of larger
tracking scales of murres to capelin. In addition, mur-
res in the ephemeral area must presumably sample to
a larger extent to locate capelin schools because they
could not be predictably located. Sampling, either
directly by diving or indirectly by local enhancement
(Wittenberger & Hunt 1985, Grunbaum & Veit in
press), would allow more current information on the
locations and qualities of prey schools, resulting in
smaller spatial scales of association between predators
and prey relative to using memory.
Even though capelin aggregations were more dis-
persed in the ephemeral area, the distances among
aggregations of murres were similar in both areas,
suggesting that murres attempted to maintain visual
contact in the ephemeral area despite low densities of
murres. In addition, murres tended to concentrate at
capelin aggregations with low abundance scores if
they were close to high abundance aggregations,
while isolated capelin aggregations with high abun-
dance scores were ignored (Fig. 2). These distribution
patterns are consistent with the use of indirect sam-
pling strategies, such as local enhancement and net-
work foraging, or a direct strategy, such as area-
restricted search, to locate ephemeral prey schools at
sea (Veit et al. 1993, Grunbaum & Veit in press). The
use of indirect techniques to reduce the energetic costs
of searching for prey in the ephemeral area may have
been important due to the smaller aggregation scales
of capelin and the larger distances between aggrega-
tions compared to the persistent area.
Conspecific interactions
Despite the importance of cueing to the activities of
conspecifics to reduce search costs for capelin, there is
likely a trade-off between increased prey encounter
rates due to social foraging interactions during prey
search, and decreased prey consumption rates due to
competitive interactions during prey capture. At fine
spatial scales, competitive interactions among murres
in this study appeared to be important, based on the
frequency distributions of murre density per 250 m2,
and appeared to be more important in the ephemeral
relative to the persistent area. The divergent behav-
iour of capelin schools within each foraging area likely
contributed to this difference. In the ephemeral area,
capelin schools were highly mobile, off the seabed and
could escape between successive dives (e.g. Hoffman
et al. 1981, Ydenberg & Forbes 1988, Ydenberg &
Clark 1989), suggesting that cooperative foraging,
such as herding prey (Angell & Balcomb 1982), and
social foraging, such as local enhancement (Witten-
burger & Hunt 1985) could have been important in
increasing the foraging efficiency of individuals. Indi-
vidual benefits of higher conspecific densities during
cooperative foraging have been shown to increase up
to a threshold density, after which they decrease (e.g.
Gotmark et al. 1986), suggesting that there is an ‘opti-
mal’ density for cooperative foraging interactions. In
contrast, in the persistent area, capelin schools were
trapped against the seabed and, thus, there was pre-
sumably little benefit of cooperative foraging. Overall,
the persistent area could likely support higher densi-
ties of murres due to the lack of cooperative foraging
and to the higher mean densities of capelin schools in
the persistent relative to the ephemeral schools and,
thus, conspecific densities would only become a prob-
lem when densities were high enough to result in
unavoidable interactions, such as collisions, during
dives.
What might explain the remarkably high densities
observed in the persistent area (e.g. 300 murres per
250 m2)? Murres may lack complete knowledge of all
the characteristics within these foraging areas (e.g.
competitor densities) or may vary their selection crite-
ria for a foraging area at temporal scales shorter than a
foraging trip. For instance, if murres sample a number
of areas on a foraging trip (e.g. trapline foraging pat-
tern; Wanless et al. 1990, Benvenuti et al. 1998), densi-
ties of foraging birds would be less than those recorded
during the survey (foraging and sampling). It is also
possible that murres forage for themselves in the
ephemeral area when competitor densities are suffi-
ciently high in the persistent area, but may always cap-
ture a capelin for its chick in the persistent area on its
return trip to the colony. This would reduce flight times
carrying additional weight, thereby reducing energy
expenditure during the return trip, and would also
supply the chick with higher-quality prey (mature
capelin) compared to those collected at the ephemeral
area (spent capelin; Montevecchi & Piatt 1984). Alter-
nately, individuals could consistently only visit one
area regardless of relative foraging or competitor con-
ditions (perseveration; Pinel 1997). Individuals likely
differ in how they integrate past experience with cur-
rent knowledge, resulting in some individuals relying
solely on past experience and, thus, in distributional
239
Mar Ecol Prog Ser 256: 229–242, 2003
patterns that do not conform to those predicted by
models where individual variability is assumed to be
minimal. In addition, approximately 30% of the
seabird population around a colony during breeding is
comprised of non-breeding birds (Montevecchi 2000).
Non-breeders do not act as central-place foragers and,
thus, may use different criteria from breeders when
selecting a foraging area. Without knowledge of
individual-based foraging behaviour (e.g. Benvenuti et
al. 1998, Irons 1998), we can only speculate about the
foraging patterns of these birds.
Habitat selection theory
Overall, the integration of many behavioural theo-
ries is necessary to fully understand foraging habitat
selection. For instance, the central place foraging
model predicts that murres should always choose the
closest foraging area to the colony (Orians & Pearson
1979). Incorporating this with the concept of fine-scale
intraspecific interference under the framework of the
IFD theory (Sutherland 1983) provided an explanation
for why murres in this study appeared to select an area
with lower-quality prey conditions. The IFD appeared
to work qualitatively at large temporal and spatial
scales but became unrealistic at smaller scales, possi-
bly due to the complex integration of many foraging
habitat characteristics, lack of knowledge of all charac-
teristics or fixed behavioural patterns. Nevertheless,
the IFD proved to be an important theoretical frame-
work allowing the development of energetic models to
explore the behavioural mechanisms that underlie
spatial distribution patterns of murres. The integration
of other variables important in habitat selection deci-
sions, such as current energetic state and the variance
as well as the mean competitor and prey densities (risk
sensitive foraging theory; Caraco et al. 1980), will also
be important in developing future models. The inte-
gration of all such theories will aid in generating
ecosystem approaches to marine conservation.
Summary
The importance of competitive interactions in regu-
lating breeding populations of seabirds has been
debated rigorously in the literature (Ashmole 1963,
Furness & Birkhead 1984, Cairns 1989, Lewis et al.
2001). To date, however, few studies have quantified
competitive interactions among foraging seabirds
(Gotmark et al. 1986, Maniscalco et al. 2001, Grun-
baum & Veit in press), likely due to the difficulties in
studying foraging behaviour of seabirds at sea. Large
colony size has been related to reduced breeding suc-
cess (Gaston et al. 1983, Hunt et al. 1986) and longer
foraging trip duration (Lewis et al. 2001); however, the
mechanisms responsible for such phenomena continue
to be hard to directly observe and measure (Grunbaum
& Veit in press). Even though models may not always
be quantitatively accurate, depending on the appropri-
ateness of the assumptions, they serve as important
heuristic tools that allow researchers to generate
hypotheses. It is becoming increasingly important,
however, to directly test models by quantifying com-
petitive interactions among seabirds foraging at sea.
We suggest the necessity of integrating a variety of
observational techniques to determine individual-level
foraging patterns (e.g. telemetry and data logging
devices) and distribution patterns of both seabirds and
their prey (e.g. hydroacoustics). These techniques
should be combined with observations that quantify
individual consumption rates (e.g. internal stomach
temperature loggers, Garthe et al. 2000) at different
locations where foraging conditions are known.
Through the creative integration of these observa-
tional techniques, researchers might resolve the rela-
tive importance of concentrations of conspecifics
within foraging areas as a positive (local enhancement,
Grunbaum & Veit in press) or negative (intraspecific
competition; Lewis et al. 2001) influence on seabird
populations. This will be a productive avenue of future
research and will likely influence the way researchers
think about seabird population dynamics. The success
of future studies certainly relies on the inclusion of
multiple spatial and temporal scales and on the re-
evaluation of early ecological principles (e.g. Allee
1931).
Overall, we showed that divergent fine-scale behav-
iour of prey results in different scale associations of
marine predators and prey, as well as varying meso-
scale distribution patterns. Forage species, such as
capelin, lie at the core of complex marine food webs,
providing essential linkages among trophic levels.
High-density aggregations of forage species, or hot
spots, allow efficient energy transfer among trophic
levels by maximizing predator-prey encounter rates,
while minimizing the search efforts of predators for
prey. Conservation of these hot spots is essential to
maintain the integrity and stability of complex marine
food webs and, thus, they are critical areas for protec-
tion.
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